the gene encoding the cyclin-dependent protein kinase inhibitor p21 (also known as Waf1 and Cip1). In culture cells, p21 protein blocks progression through the cell cycle, and its expression is induced early in the differentiation process (19) . In addition, p21 has been shown to be a survival factor through the IGF-I-induced PI3K pathway (20) . Twist, another transcription factor from the bHLH protein family, acts as an inhibitor of muscle differentiation. This effect is thought to be mediated by blocking of DNA binding by MyoD (21, 22) .
We used a transgenic mouse model that overexpresses a dominant negative IGF-I receptor specifically in skeletal muscle to better characterize the role of the IGF-I receptor in the development of skeletal muscle in vivo. We examined various IGF-I receptor-activated signaling pathways, and the expression of myogenic regulators and effectors in skeletal muscle from these animals. We show that mice with a functional inactivation of the IGF-I receptor in skeletal muscle exhibit reduced muscle mass and hypoplasia from birth to 3 weeks of age. However, as these mice grew to adulthood, a compensatory muscle hyperplasia developed, as shown with BrdU immunocytochemistry. Hyperplasia coincides with an increase in the amounts of the ERK1/2 (p44/42) and p38 MAP kinases.
Methods
Generation of MKR mice. The generation of MKR mice has been previously described (23) . Briefly, the muscle creatine kinase promoter, used to drive muscle-specific expression, was subcloned upstream of a mutant human IGF-I receptor cDNA. The mutation Lys 1003 → Arg 1003 abolishes ATP binding within the β subunit of the human IGF-I receptor and results in a kinase-inactive human IGF-I receptor that acts in a dominant negative fashion, as we have previously demonstrated both in vitro and in vivo (23, 24) . The transgene for muscle creatine kinase promoter/human IGF-I receptor (MKR) was injected into the eggs of female FVB/N mice. All experiments were performed in homozygous mice, newborn to 8 weeks of age. Experiments in both male and female mice gave the same results. The data we present here include the results of experiments performed with male mice. Controls consisted of sex-and age-matched wild-type (WT) mice. Mice were kept under a 12-hour light/dark cycle and were fed standard diets. All studies were conducted in accordance with NIH guidelines, as approved by the Animal Care and Use Committee of NIDDK.
Growth and development. The growth rate of mice was determined by measuring body weight from the time of birth to 8 weeks of age. Specific developmental parameters, including body length, bone length, and tissue wet weight were measured for the same time period (0-8 weeks of age). For body length measurement, anesthetized animals were stretched on top of a ruler. Femur length was measured from acetabulum to trochanter using x-ray radiography on dead animals. Tissue wet weights were measured on an electronic scale.
Muscle histology and morphometry. Animals were anesthetized with Avertin (15 ml/kg body weight, injected intraperitoneally). Hindlimb muscles from newborn to 8-week-old WT and MKR mice were removed, fixed in a 4% paraformaldehyde solution, and embedded in paraffin. Serial 5-µm cross sections of tissue from each group were stained with hematoxylin and eosin. Morphometric analysis was performed on digital muscle cross sections taken with a Zeiss Axiovert S100 TV microscope with a video camera (Carl Zeiss Microimaging Inc., Thornwood, New York, USA) at magnifications of 2.5× and 20×. Analysis of the muscle cross section area, fiber diameter, number of fibers per area, and number of nuclei per myofiber was carried out on three consecutive sections from five animals in each group, using MacBAS version 2.52 software (Fuji Photo Film Co., Stamford, Connecticut, USA). Muscle protein concentration was determined from whole muscle homogenates using the BCA protein assay (Pierce Chemical Co., Rockford, Illinois, USA) and normalized to body weight.
Immunocytochemistry. For intraperitoneal injections, BrdU (Sigma Chemical Co., St. Louis, Missouri, USA) was dissolved in 0.9% NaCl, and 50 mg/kg was administered once per day for 15 days to 3-and 6-week-old WT and MKR mice. Control animals received a saline injection. Animals were anesthetized and killed 24 hours after the last injection of BrdU. Animals were perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Hindlimb muscles were removed and postfixed for 24 hours at 4°C. Thirty-micrometer serial cross sections of muscles were cut with a vibratome (Leica Microsystems Nussloch GmbH, Nussloch, Germany) and immersed, free-floating, in 0.1 M PB. One series of sections was used for labeling with BrdU, and another series for hematoxylin and eosin staining.
For BrdU immunohistochemistry, sections were incubated in 0.1 M PB with 0.5% Triton X-100 and 0.1% BSA, and then blocked by incubating for 30 minutes in a solution of 97% methanol and 3% hydrogen peroxide. DNA was denatured with a 45-minute incubation in 2 N HCl at room temperature. Primary antibody used was mouse anti-BrdU (University of Iowa Developmental Studies Hybridoma Bank, Iowa City, Iowa, USA) at 1:2,500. The secondary antibody used was a biotinylated donkey anti-mouse IgG (Pierce Chemical Co.) at 1:1,000. This was followed by analysis with the peroxidase-based ABC system (Vector Laboratories Inc., Burlingame, California, USA) using 3,3′-diaminobenzidine tetrahydrochloride as the chromogen.
BrdU-positive cells were counted in a one-in-three series of sections (90 µm apart) with a 40× objective (Leica Microsystems Nussloch GmbH) throughout the proximal to distal part of the muscle. The same muscle areas and number of sections were studied for all the animals and all the experimental groups.
Treadmill running. Animals were familiarized with the treadmill apparatus (Cibertec SA, Madrid, Spain) to minimize stress. Three-and six-week-old WT and MKR mice were divided into two groups: exercised and non-exercised (control). The exercised group ran for 1 hour/day at 18 m/min for 15 days. Control mice remained in the treadmill without running. In a second series of experiments, exercised and control mice received a daily intraperitoneal injection of BrdU for 15 days (see above). After running, animals were anesthetized and perfused as described above, and hindlimb muscles were processed for hematoxylin and eosin staining and morphometry, or for BrdU immunocytochemistry (see above).
Strength and fatigue testing. The contractile properties of the gastrocnemius were determined in situ as described previously (25) . Four-to five-week-old mice were anesthetized with sodium pentobarbital (100 mg/kg), and an incision was made through the skin from the ankle to the knee along the medial side of the right leg. The distal tendon of the gastrocnemius was isolated and threaded through a hole in the lever arm of a galvanometer. The tibial nerve was partially isolated approximately 2 mm from the gastrocnemius and secured to an electrode. The ankle was fixed in a clamp, and the skin was pulled up to form a reservoir for a pool of mineral oil. The entire apparatus was placed in a heated Plexiglas chamber kept at 37°C. Contractile properties were measured using a dual-mode servo-controlled moving iron galvanometer (model 305; Cambridge Technology Inc., Cambridge, Massachusetts, USA) with a step response time of 4 ms. The final measurement was the fatigue test, performed as described previously (26) .
Western blot analysis. After anesthesia, hindlimb muscles were removed and processed for immunoblotting as previously described (27) , using antibodies against the following: phospho-p44/42 MAP kinase, phospho-p38 MAP kinase, Akt, phospho-Akt, and phospho-Jun Nterminal kinase (JNK) (all from New England Biolabs Inc., Beverly, Massachusetts, USA); ERK1/2, p38 MAP kinase, JNK, p21, MyoD, and myogenin (all from Santa Cruz Biotechnology Inc., Santa Cruz, California, USA); mouse β-actin (Sigma Chemical Co.); and rabbit Twist (provided by C.A. Glackin, Beckman Research Institute of the City of Hope, Duarte, California).
Northern blot analysis. Northern blot analysis of samples containing 20 µg of total RNA were performed exactly as described previously (27) . Blots were hybridized with cDNA probes (mouse MyoD and myogenin, provided by P. Rotwein, Oregon Health Sciences University, Portland, Oregon), or mouse Twist (27) . The integrity and the quantification of different transcripts were assessed using an 18S RNA probe (Ambion Inc., Austin, Texas, USA).
Statistical analysis. Results are expressed as mean ± SEM. Statistical analysis of the data was performed using a one-factor ANOVA and the Student t test.
Results

Impaired postnatal growth in MKR mice.
The generation of transgenic mice expressing a dominant negative IGF-I receptor specifically in skeletal muscle (MKR mice) has been previously described (23) . Since the expression of muscle creatine kinase promoter is maximal immediately after birth (28), we studied the effect of functional inactivation of the IGF-I receptor in the postnatal development of skeletal muscle. MKR mice showed growth retardation soon after birth, compared with WT animals ( Figure 1a ). We studied growth in MKR and WT mice by measuring the following parameters from birth to 8 weeks of age: total body weight, body length, bone length, and tissue wet weight. Compared with WT mice, MKR mice had 20% less total body weight from birth up to 5 weeks of age. From 5 to 8 weeks, the body weight was 10% lower in MKR mice than in WT mice ( Figure 1b ). Body length, measured as the nose-to-anus distance, was also reduced by 20% in MKR from birth to 5 weeks of age, as compared with WT mice. However, from 5 to 8 weeks of age, there was no difference in body length between the two groups ( Figure 1c ). Tissue wet weight was measured in organs expressing IGF-I receptors, namely, brain, lung, heart, liver, spleen, kidney, perigonadal white fat, and skeletal muscle. There were no differences between MKR and WT mice in wet weight of any of the tissues tested, except for skeletal muscle from birth to 8 weeks (data not shown). MKR mice showed a significant reduction in total muscle wet weight. The wet weight of hindlimb muscles (extensor digitorum longus [EDL], soleus, gastrocnemius, and quadriceps) were an average of 30% smaller in MKR mice from birth to 3 weeks of age, 20% smaller from 3 weeks to 5 weeks of age, and 10% smaller from 5 weeks to 8 weeks of age ( Table 1 ). The femur length from acetabulum to trochanter was also approximately 30% less in MKR mice than in WT mice from birth to 3 weeks of age (the average femur length of WT mice at 3 weeks was 0.6 ± 0.03 cm, and that of MKR mice was 0.4 ± 0.03 cm; P < 0.01). In contrast, femur length was not different between the MKR and WT groups from the ages of 5 weeks to 8 weeks (data not shown).
Compensatory muscle hyperplasia in MKR mice. To investigate whether the decrease in skeletal muscle mass in MKR mice arose from atrophy and/or hypoplasia, we quantified muscle size, fiber size, number of fibers per area, and number of nuclei per myofiber. The average cross-sectional area (CSA) of MKR soleus muscle (slowtwitch fiber type) was 20% smaller than that of WT mice from birth to 3 weeks of age, and 10% smaller than WT up to 8 weeks of age (Figure 2a and Figure 3a) . The average number of myofibers per given area was similar in MKR and in WT animals from birth to 8 weeks of age (data not shown). The diameter of myofibers was similar between groups (data not shown). Moreover, at 8 weeks of age, the CSA of the EDL, a fast-twitch muscle, was smaller in MKR mice than in WT mice (WT, 1.8 ± 0.2 mm 2 ; MKR, 1.56 ± 0.1 mm 2 ; P < 0.01) (Figure 2a) , whereas the number of myofibers per area was not different between the two groups (WT, 548 ± 12; MKR, 547 ± 15; P < 0.2) (Figure 2a ). These parameters indicate that MKR muscles are hypoplastic. We also measured number of nuclei per myofiber. From 0 to 3 weeks of age, there was no difference in the number of nuclei per myofiber (Figure 2b) . However, 5-and 8-week-old MKR mice had 15% and 20% more nuclei per myofiber, respectively, than did WT animals ( Figure 2b ). The protein content in soleus muscle as normalized to total body weight was also meas-
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The White bars, WT mice, black bars, MKR mice. Data are expressed as mean ± SEM of five animals in each group. *P < 0.05; **P < 0.01. ured in WT and MKR mice. MKR mice had a 20% lower protein content in this muscle from birth to 3 weeks of age than WT animals had. In contrast, we found that protein content was 15% and 25% higher in the soleus muscle of MKR mice than in WT mice at 5 weeks and 8 weeks of age, respectively (Figure 2c ). Protein content in EDL muscles showed a similar pattern to that in soleus muscles (data not shown). Newly formed cells were assessed by BrdU immunocytochemistry in soleus and EDL muscles of WT and MKR mice. MKR soleus muscle showed a higher number of BrdU + nuclei at 5 weeks (WT, 1.0 ± 0.2; MKR: 2.4 ± 0.1; P < 0.01) and 8 weeks (WT, 1.0 ± 0.1; MKR, 3.2 ± 0.1; P < 0.01) of age (Figure 3b) . Similar results were obtained in EDL muscle. Proliferation of myofibers in adult muscle is carried out by the satellite cells (29) . Therefore, these results indicate that satellite cells are responsible for the hyperplasia that significantly contributed to the increase in muscle mass in adult MKR mice.
To induce muscle mass increase, we exercised 3-and 6-week-old WT and MKR mice for 15 days. Furthermore, to examine the effect of exercise training on satellite cell proliferation, we injected BrdU into running 3-and 6-week-old WT and MKR mice. Morphometric analysis revealed that unlike WT muscles, MKR muscles showed neither an increase in fiber diameter nor an increase in satellite cell proliferation (data not shown).
We considered the possibility that these structural changes in MKR mice might also be associated with functional changes in the contractile machinery of skeletal muscle. Hence, we measured muscle strength in MKR and WT mice. However, there was no difference in the specific tension of the gastrocnemius, indicating that overexpression of a kinase-inactive IGF-I receptor does not affect the functional contractile activity of this muscle ( Table 2) .
Taken together, these data suggest that inactivation of IGF-I receptor specifically in skeletal muscle causes hypoplasia during the early postnatal stages. However, these mice appear to undergo a compensatory muscle hyperplasia upon reaching adulthood.
MAP kinase signaling pathways are upregulated in MKR mice. To determine which signaling pathways are involved in the hypoplastic and hyperplastic responses in MKR mice, we evaluated several protein kinases implicated in the IGF-I signaling pathway, including ERK1/2, p38, JNK, and Akt. Both the phosphorylation state and the total amount of these proteins were analyzed in hindlimb muscles from MKR and WT mice aged 0-8 weeks. Representative blots are shown at 0-3 weeks, 5 weeks, and 8 weeks of age.
Levels of ERK1/2 immunoreactivity were 1.5-fold lower in MKR mice than in control mice from 0 to 3 weeks of age, and were increased twofold above WT mice at 5 weeks of age. By 8 weeks, there was no difference in ERK1/2 levels between groups (Figure 4a ). The phosphorylation state of p44/42 was not different in MKR mice than in WT mice, as phospho-p44/p42 immunoreactivity closely paralleled the levels of total p44/42 immunoreactivity. That is, phospho-p44/p42 levels were 1.5-fold lower in the skeletal muscle of MKR mice than in WT mice from 0 to 3 weeks of age, increased twofold above WT mice at 5 weeks of age, and were not different between groups in adult animals. β-actin protein levels were similar in both groups of mice (Figure 4a) .
Recently, the stress-activated protein kinase p38 was reported to play a key role in muscle differentiation by activating MyoD (15) (16) (17) . From 0 to 3 weeks of age, p38 levels were similar in WT and MKR mice. However, p38 immunoreactivity levels were significantly increased in MKR mice at the ages of 5 weeks and 8 weeks, by twofold and threefold, respectively, compared with WT mice (Figure 4b ). Phospho-p38 immunoreactivity levels closely paralleled the increases in p38 protein levels in MKR mice, indicating that there was no net change in the phosphorylation state of p38. β-actin levels were similar in both groups of mice (Figure 4b ). We also analyzed the levels of expression and phosphorylation of JNK. Figure 4c shows that there were no differences between MKR and WT mice in either JNK or phospho-JNK immunoreactivity levels at any of the ages tested. We also measured Akt and phospho-Akt immunoreactivity levels in skeletal muscle of MKR and WT mice. Levels of phospho-Akt and Akt were similar in both groups from birth to 8 weeks of age (Figure 4d ).
MyoD and myogenin are upregulated in the skeletal muscle of MKR mice. We explored the question of whether the MKR phenotype was associated with upregulation of myogenic transcription factors in muscle. We evaluated the mRNA and protein levels of MyoD and myogenin, two myogenic transcription factors involved in early and late responses in differentiation, respectively, from birth to 8 weeks of age. As an example, we describe blots from three different ages. MyoD expression was twofold lower in 0-to 3-week-old MKR mice than in WT animals. In contrast, at the age of 5 weeks, MyoD levels were threefold higher in MKR mice than in WT mice. Similar levels of MyoD were expressed in MKR and WT mice at the age of 8 weeks ( Figure  5a ). MyoD protein levels showed an expression pattern similar to that of its mRNA levels (Figure 5b ). Myogenin expression was 1.5-fold lower in MKR mice than in WT mice from 0 to 3 weeks of age. Myogenin levels progressively increased in MKR mice from the age of 5 weeks to levels that were threefold higher than those of WT controls by the age of 8 weeks (Figure 5c) . A similar pattern was found for myogenin protein levels (Figure 5d ). β-actin and 18S RNA levels were similar in both groups. Taken together, these data show that muscle inactivation of the IGF-I receptor induces delayed muscle differentiation.
Differential responses of Twist and p21 proteins in MKR mice. Twist inhibits muscle differentiation by blocking the DNA binding activity of MyoD (21, 22) . To determine whether Twist is involved in the hypoplastic phenotype of the skeletal muscle in MKR mice, we measured Twist mRNA and protein levels in both groups of animals. These experiments showed that Twist mRNA and protein levels were threefold higher in 0-to 3-week-old MKR mice than in WT mice. No differences were found between the groups at other ages ( Figure 6, a and b) .
We also measured the levels of p21 in the skeletal muscle of MKR and WT mice from birth to 8 weeks of age. MyoD stimulates p21 expression in muscle, and activates its differentiation (19) . Thus, we determined p21 levels in MKR and WT mice. Levels of p21 were 1.5-fold lower in 0-to 3-week-old MKR mice than in WT mice. However, p21 levels were twofold higher at the ages of 5 weeks and 8 weeks in MKR mice than in WT mice (Figure 6c) . Taken together, all these data may explain the delayed and late differentiation of muscles of MKR mice.
Discussion
Here we show that functional inactivation of the IGF-I receptor specifically in skeletal muscle of mice resulted in a delay in the proliferation and differentiation processes in skeletal muscle cells. Although these mice showed hypoplasia and reduced muscle cell mass from birth to 3 weeks of age, a hyperplastic response was observed as mice grew to adulthood. Newly formed cells in MKR hindlimb muscles were demonstrated with BrdU immunocytochemistry. It is known that adult skeletal muscle cells are incapable of dividing, and increases in the number of nuclei in adult skeletal muscle are due to the proliferation and differentiation of latent undifferentiated muscle precursors called satellite cells (29) . Therefore, the changes in muscle mass in MKR mice are due to the proliferation and differentiation of their satellite cells. Exercise-induced proliferation of satellite cells has been documented, and is thought to be mediated by IGF-I (30, 31) . Consistent with the lack of IGF-I receptor activation, there was no increase of newly formed nuclei in the exercised MKR mice. Previous studies demonstrated that mice with a targeted disruption of the IGF-I receptor exhibit marked skeletal muscle hypoplasia, and die soon after birth (5). In contrast, mice overexpressing IGF-I specifically in muscle develop increased muscle mass and hypertrophy (6) (7) (8) . In accordance with our results, transfection with a kinase-inactive IGF-I receptor abolished IGF-I-induced proliferation and delayed differentiation in mouse myoblasts (32) . Conversely, overexpression of human IGF-I receptors in rodent skeletal muscle cells enhanced IGF-I-induced proliferation and differentiation (10) .
The signal transduction pathways and effectors of IGF-I receptor-regulated skeletal muscle differentiation in vivo have not been identified. Unlike other growth factors, IGF-I stimulates proliferation as well as differentiation of myoblasts (9, 10) . It has been suggested that IGFs promote proliferation by activating the MAP kinase pathway and differentiation through the PI3K pathway (12) (13) (14) . However, recent studies have reported that ERK1/2 MAP kinases are differentially regulated in mitogenesis and myogenesis, and that the stress-activated protein kinase p38 is critical for regulation of terminal differentiation (15) (16) (17) (18) . This discrepancy might be due to the distinct types of culture cells used in the various studies.
Our results indicate that in MKR mice, there is a multistep regulation of the myogenic program by the p38 and ERK MAP kinase pathways, wherein ERKs have a biphasic profile during myogenesis, and p38 is particularly activated for terminal differentiation. ERK1/2 levels were lower in 0-to 3-week-old MKR mice than in controls, in which hypoplasia was more prominent. While MKR mice are growing, ERK levels start to be activated and muscle cell mass to increase. At this point, p38 levels remain higher as MKR mice mature from 5 weeks to 8 weeks of age. This period coincides with the shift from the hypoplastic to the hyperplastic phenotype. Thus, lower ERK levels seem to be responsible for the decreased proliferation and hypoplasia responses in the skeletal muscle of MKR mice. Activation of p38 may be essential for terminal differentiation and compensatory hyperplasia in cooperation with ERKs in MKR mice. Thus, it is possible that coordinated regulation of the ERKs and p38 may contribute to this dual phenotype in MKR mice. Like p38, JNK is a stress-activated protein kinase (18) . There were no differences in JNK or phospho-JNK immunoreactivity levels in skeletal muscle between MKR and WT mice. This sharply contrasts with the differences in ERK and p38 levels between these two groups of animals. JNK has also been shown to be involved in the contractile activity in skeletal muscle (33) . In accordance with these results with JNK, we found no differences in the strength of MKR skeletal muscles (an indicator of the status of the contractile apparatus) compared with WT.
Akt and phospho-Akt immunoreactivity levels were similar in MKR and WT mice. These results were not surprising, since basal insulin receptor substrate-1 phosphorylation was very similar in MKR mice and WT controls (23) .
Taken together, these results indicate that the two MAP kinase signaling pathways (ERK and p38) must act in parallel, and both are required for the compensatory myogenic proliferation and differentiation in MKR mice. However, the PI3K pathway may also be important for muscle cell survival, since adult MKR mice, even showing a compensatory hyperplasia, still have reduced muscle mass.
Interestingly, we found that two muscle-specific transcription factors are also differentially expressed in MKR versus WT mice during the period in which the muscle phenotype changes from hypoplasia to hyperplasia. The mechanisms by which the mitogen-activated and stress-activated protein kinase signaling pathways may collaborate with myogenic regulatory factors to promote terminal differentiation in vivo have not been clearly defined. Knockout mouse models have been very useful in determining the function of myogenic regulatory factors in myogenesis. MyoD is expressed in myoblasts determined to have withdrawn from the cell cycle, and myogenin is involved in the late terminal differentiation process (1) . These findings are in concordance with our results. That is, MyoD and myogenin levels are lower in MKR mice than in WT mice from birth to 3 weeks of age, when a hypoplastic phenotype is observed. At the age of 5 weeks, MyoD levels were increased in MKR mice compared with WT mice. At the age of 8 weeks, when a hyperplastic phenotype was observed in skeletal muscle, myogenin levels were higher in MKR mice than in WT mice.
In myocytes and other cell types in culture, p21 is induced early during differentiation via activation of MyoD, and this promotes withdrawal from the cell cycle (19, 20) . Interestingly, the upregulation of ERK1/2 and p38 in skeletal muscle of MKR mice relative to WT mice closely parallels the differential expression of p21 and the transcription factors MyoD and myogenin in these mice. These differences in gene and protein expression also coincide with the transition from a hypoplastic to a hyperplastic phenotype in MKR mice.
We also found that the period of hypoplasia in MKR mice coincides with an upregulation of Twist protein and mRNA levels. Twist inhibits differentiation by blocking the DNA binding activity of MyoD (21, 22) . We have previously shown that Twist can be induced by IGF-I through the p44/42 MAP kinase pathway (27) . Similarly, in the MKR mice, Twist levels are upregulated in younger animals, in which the hypoplasia is more pronounced, and the levels of both p38 and ERK MAP kinases are downregulated relative to levels in WT mice. Taken together, these results suggest the possibility that hypoplasia in MKR mice may be due to a Twistmediated inhibition of MyoD. Inhibition of MyoD, in turn, blocks the induction of p21 and thereby inhibits terminal differentiation. The ERK and p38 signaling pathways may mediate this process.
In conclusion, IGF-I receptors are important for the establishment and maintenance of the mature muscle phenotype in normal and regenerating muscle tissue. The present study establishes that the IGF-I receptor acts as an important regulator of muscle cell differentiation by regulating muscle-specific genes that control muscle cell mass. Therefore, IGF-I receptor represents a potential candidate target for gene therapy in muscle degeneration. In mature cells, IGF-I receptor signaling coordinates the necessary responses of muscle cells to changes in the functional requirements that occur during normal aging and after injury or atrophy. The concomitant regulation of muscle phenotype with the ERK and p38 signaling pathways together with myogenin, MyoD, Twist, and p21 suggests that these cellular elements may be coordinately involved in the process of muscle development. Clearly, further studies will be required to establish a causal role for these factors in the muscle phenotype exhibited by MKR mice. One or more of these factors in the IGF-I signaling pathway may also be useful targets for the development of novel therapeutic strategies to treat various muscular disorders. These studies represent an important early step toward delineating the molecular mechanisms that regulate muscle cell structure and function.
